The distribution of nitric oxide synthase was investigated in human cerebral blood vessels and brain tissues. NADPH-diaphorase histochemistry, which is a marker for nitric oxide synthase in neurons and endothe lial cells, revealed periadventitial nerve fibers in the ar teries of the circle of Willis and their cortical branches, as well as the common carotid and subclavian arteries. The fibers were mostly nonvaricose in the periadventitial nerve trunk and were varicose within the adventitia. Patchy reaction products were distributed in the perinu clear region of each endothelial cell. Smooth muscle cells in the tunica media were weakly stained. Staining was particularly intense in regions with atherosclerotic changes, which consist of macrophage infiltration and proliferation of fibroblasts. In the neural parenchyma, two types of NADPH-diaphorase reactive neurons were EDRF (endothelium-derived relaxing factor), which is derived from endothelial cells of the blood vessels, mediates acetylcholine-induced vasodila tion (Furchgott and Zawadzki, 1980; Amezcua et aI., 1988). Nitric oxide (NO) has been shown to be EDRF in some tissues (Palmer et aI. , 1987; Garth waite, 1991), although it is not established in the brain (Rosenblum et aI., 1993a , b). Several lines of physiological evidence indicate that cerebral circu lation is regulated by NO, which is released not only from endothelial cells but also from perivascuReceived January 20, 1994; final revision received April 18, 1994; accepted April 18, 1994. Address correspondence and reprint requests to Dr. H. Tomimoto, Department of Neurology, Faculty of Medicine, Kyoto University, Kyoto 606, Japan.
Summary:
The distribution of nitric oxide synthase was investigated in human cerebral blood vessels and brain tissues. NADPH-diaphorase histochemistry, which is a marker for nitric oxide synthase in neurons and endothe lial cells, revealed periadventitial nerve fibers in the ar teries of the circle of Willis and their cortical branches, as well as the common carotid and subclavian arteries. The fibers were mostly nonvaricose in the periadventitial nerve trunk and were varicose within the adventitia. Patchy reaction products were distributed in the perinu clear region of each endothelial cell. Smooth muscle cells in the tunica media were weakly stained. Staining was particularly intense in regions with atherosclerotic changes, which consist of macrophage infiltration and proliferation of fibroblasts. In the neural parenchyma, two types of NADPH-diaphorase reactive neurons were EDRF (endothelium-derived relaxing factor), which is derived from endothelial cells of the blood vessels, mediates acetylcholine-induced vasodila tion (Furchgott and Zawadzki, 1980; Amezcua et aI., 1988) . Nitric oxide (NO) has been shown to be EDRF in some tissues (Palmer et aI. , 1987; Garth waite, 1991) , although it is not established in the brain (Rosenblum et aI., 1993a , b) . Several lines of physiological evidence indicate that cerebral circu lation is regulated by NO, which is released not only from endothelial cells but also from perivascu-differentiated. Type I neurons were intensely stained, medium-sized, and bipolar or mUltipolar. They were dis tributed in the cerebral cortex and white matter, mostly in the subcortical white matter. Type II neurons were lightly stained, small oval neurons with fine processes and were distributed in the cerebral cortex. Endothelial cells were intensely reactive for NADPH-diaphorase in the arteries, arterioles, and capillaries. but weakly in veins. Immuno histochemistry for neural nitric oxide synthase labeled perivascular nerves in the larger arteries and those in the neural parenchyma. Both type I and type II neurons were labeled. Nitric oxide synthase in endothelial cells and the nerve encircling blood vessels further suggests a dual control of cerebral circulation by nitric oxide in human brain. Key Words: Cerebral blood vessels-Human brain-NADPH-diaphorase-Nitric oxide synthase. lar nerve fibers (Bult et aI., 1990; Estrada et aI., 1993; Iadecola et aI., 1993) . Reduced nicotinamide adenine dinucleotide phosphate-diaphorase (NADPH-d) is an oxidoreductase that forms water insoluble formazan from nitroblue tetrazolium in the presence of NADPH. On the other hand, NO synthase (NOS) forms citrulline and nitric oxide gas from L-arginine in the presence of N AD PH (Knowles et aI., 1990) . Since NADPH-d has been shown to be identical to neural and endothelial NOS (Dawson et aI., 1991; Hope et aI., 1991; Lamas et aI. , 1992) , histochemical demonstration of NADPH-d has been utilized as a powerful tool for investigating NOS.
Recent studies have revealed at least three iso forms of NOS: neural NOS, endothelial NOS, and macrophage NOS. These isoforms have been cloned and they possess approximately 50% homology among their amino acid sequences (Bredt et aI., 1991; Bredt and Snyder, 1992; Lamas et aI., 1992; Lowen stein et aI., 1992; Sessa et aI., 1992 Sessa et aI., , 1993 . The former two isoforms are constitutively expressed in each cell and stimulated with calcium/calmodulin, whereas macrophage NOS is induced by various cytokines and is not subjected to regulation by cal cium ions (Nathan et aI., 1992) . Histochemical stud ies have substantiated nitroxidergic innervation of cerebral circulation by showing a dense meshwork of NOS-immunoreactive Iadecola et aI., 1993; Nozaki et al., 1993) or NADPH d-reactive (Suzuki et aI., 1993; Toda et aI. , 1993; Tomimoto et aI., 1993 ) perivascular nerves, which are predominant in the anterior half of the circle of Willis and originate from the sphenopalatine and otic ganglia in the rat. However, in the human brain, information is currently limited to a single report that has briefly described NOS-immuno reactive perivascular nerves (Nozaki et aI., 1993) and those describing NADPH-d-reactive neurons in the neural parenchyma (Ferrante et aI., 1985 (Ferrante et aI., , 1987 Ellison et aI. , 1987; Nakamura et aI., 1987 Nakamura et aI., , 1988 Kowall and Beal, 1988) . Since NADPH-d histo chemistry indicates the sites of NO production in neural and endothelial cells (Dawson et aI., 1991; Hope et aI. , 1991; Lamas et aI. , 1992) , we investi gated NADPH-d and compared the results with those from immunohistochemistry for neural NOS in the human brain, with particular attention to the vascular system.
MATERIALS AND METHODS
Brains were obtained at autopsy 1 to 7 h after death from 2 neurologically normal and 10 neurological patients ( Table 1 ). The diagnosis of each case was established according to the clinical pictures, appropriate laboratory data, and autopsy findings. Frontal cortex and extracra nial blood vessels including the common carotid arteries were examined in three and four cases, respectively.
Brains were perfusion-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4, for 20 min. The anterior, middle, and posterior cerebral arteries (ACA, MCA, and PCA) as well as the basilar artery (BA) were removed, cryoprotected overnight in 20% sucrose in 0.1 M PB (pH 7.4) and quick-frozen. Small pieces of frontal lobe were postfixed in 4% paraformaldehyde in 0.1 M PB for 3 h. Serial cryostat sections were cut immediately before use so as to minimize diffusion of the enzyme, because the fixation is insufficient for long-term storage. The sections were incubated in the reaction mixture for NADPH-d histochemistry, which included 0.3% Triton XIOO, 0.5 mg/ml NADPH, and 0.1 mg/ml nitroblue tetra zolium in 0.1 M PB (pH 7.4) at 3rC for 1 h (Vincent and Kimura, 1991) . The rest of the blocks were stained en bloc in the reaction mixture for NADPH-d histochemistry at 37°C for 2 h. They were cut open, extended on a flat face, and cut serially from the intimal surface toward the tunica media at a 20-l-lm thickness. The serial sections and the remaining adventitial tissues were flat-mounted on a glass slide and embedded in Entellan. Specificity of the staining was checked by lack of the reaction products in the absence of NADPH.
For immunohistochemistry, the brains and vessels of the circle of Willis were further fixed with the same fix ative for an additional 2 days. Twenty-micrometer-thick sections were cut in a cryostat, and these sections or the whole blood vessels were incubated in 20% fetal calf se rum in 0.1 M phosphate-buffered saline containing 0.3% Triton X-IOO (PBST) for 30 min and then reacted over night with rabbit anti-neural NOS antiserum (diluted 1:2,000 in PBST) that had been raised against NOS puri fied from porcine cerebellum (Mayer et aI., 1990; Klatt et aI., 1992) . Specificity of the staining was tested by the disappearance of specific staining by substituting nonim munized rabbit IgO for the primary antibody. The sec tions were subsequently incubated with biotinylated anti rabbit IgO for 1 h and an avidin-biotin peroxidase com plex solution for 1 h. After each incubation, they were washed for 15 min with 0.1 M PBST. Finally, immunore action products were visualized by incubation in a mixed solution of 0.02% 3,3' -diaminobenzidine tetrahydrochlo ride, 0.3% nickel ammonium sulfate, and 0.005% H202 in 0.05 M Tris buffer (pH 7.6).
RESULTS
In preparation for the present experiment, we tested the effect of various durations of postfix- (A,B) . In B, the fiber in the periadventitial location is nonvaricose (arrowheads), whereas that within the adventitia is varicose (asterisk). Patchy foci of reaction products were distributed in the perinuclear region of the endothelial cells of the vertebral artery (C, 0) and a cortical branch (E). ation, from 0 to 24 h, on the staining intensity of NADPH-d histochemistry and obtained optimal vi sualization of NADPH-d-reactive structures with out postfixation. Further fixation for 3 h was done for cryostat sections, which allowed us to handle them in a free-floating state. In the absence of NADPH, no reaction products were obtained. With NADPH, NADPH-d-reactive perivascular nerve fi bers were present in the subclavian, common ca rotid, vertebral, and BA and the ACA, MCA, and PCA. NADPH-d-reactive fibers, which were fre quently observed in the thick periadventitial nerve bundles, were mostly nonvaricose ( Fig. lA and B) . Those located in the adventitia appeared to have varicose swellings and were redundant (Fig. IB) . 
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Endothelial cells were positively stained in the ca rotid artery, the arteries of the circle of Willis, and their cortical branches ( Fig. Ie-E) . In the tunica media, smooth muscle cells were occasionally stained for NADPH-d (Fig. IF) . Atherosclerotic le sions, which consist of lipid-laden macrophages and fibroblasts, were densely stained ( Fig. 1 G and H) .
In the neural parenchyma, neurons that were re active for NADPH-d were scattered in both the ce rebral cortex and the white matter. Reactive neu rons were divided into two categories on the basis of perikaryal size, shape, and distribution. One type of these neurons was an intensely stained, medium sized (15-25 IJ-m in diameter), and bipolar-or mul tipolar-shaped neuron (type I; Fig. 2A, e, and D) . The other was a lightly stained, small (8-14 IJ-m in diameter), oval-shaped neuron (type II; Fig. 2B and F). In the cerebral cortex, both types of neurons were observed in layers II-VI. Type I neurons were most abundant in the regions facing the corticomed ullary junction, whereas type II neurons were en riched in layer II ( Figs. 2A and B and 3) . After prolonged fixation for 24 h, type II neurons were not stained. The proximal dendrites of type I neu rons, either of bipolar or multipolar shape, were mostly aspiny (Fig. 2e-E ). Type II neurons had multiple thin neural processes radiating from the soma (Fig. 2F) . In the white matter, the NADPH d-reactive neurons were exclusively type I. The proximal dendrites of these neurons were fre quently oriented in parallel with the corticomedul lary junction (Fig. 4A and B and fine and were distributed in the superficial part of layer I and layers II-VI (Fig. 5) . The fibers in the layer I were oriented in parallel with the. pial surface of the cerebral cortex. They occasionally encircled the intraparenchymal arteries and were in close proximity to the adventitia (Fig. 6A) . The fibers in the white matter tended to be thick and straight compared with the varicose appearance of the re active fibers in the cerebral cortex (Figs. 4B and 5) . The endothelial cells of intraparenchymal blood vessels invariably showed patchy staining, which was most notable in arteries and arterioles, moder ate in capillaries, and weak in veins (Fig. 6B-D) .
NOS immunohistochemistry exhibited type I and type II neurons with the same morphology and dis tribution as those observed with NADPH-d histo chemistry (Fig. 7A-D) . Type I neurons were more intensely immunoreactive than type II neurons. Type I neurons were present in both the cerebral cortex and the white matter and were most numer ous in the subcortical white matter (Fig. 7 A and C) , while type II neurons were localized in the cerebral cortex and were most numerous in the layer II ( Fig.  7B and D) . Immunolabeling was observed in the periadventitial nerve fibers in the common carotid arteries and larger cerebral arteries including the arteries of the circle of Willis and their cortical branches (Fig. 7E) . Staining was sparse in the endothelial cells of the larger cerebral arteries and those in the neural parenchyma (Fig. 7F) .
DISCUSSION
Since endogenous dehydrogenase activity may result in reaction products (Hope and Vincent, 1989) , the distribution of NADPH-d in the neuronal structures was compared with that of neural NOS. The distributions of nerve fibers in the cerebral cor tex and around the blood vessels, and of two types of neurons, were quite similar to each other as re vealed by NADPH-d histochemistry and immuno histochemistry for neural NOS. A correspondence between the distribution of NADPH-d and that of neural NOS in the neuronal structures further sub stantiated the identity of these enzymes (Dawson et aI., 1991; Hope et aI., 1991) . On the other hand, there was sparse endothelial labeling by the anti body against neural NOS. In agreement with the present results, this antibody did not react with NOS in homogenates of cultured porcine aortic en dothelial cells (B. Mayer, unpublished observa tion). These results suggest a relatively weak immu nological cross-reactivity of the antibody to endo thelial NOS, which may be attributable to 50% homology of amino acid sequences between neural and endothelial NOS. In a previous light and electron microscopic study, we localized NADPH-d activity in the endo thelial cells and periadventitial nerves in the rat (To mimoto et aI., 1993) . The present results revealed that this is the case also in the human brain. NADPH-d was distributed in the perinuclear patches of the endothelial cells and, also, in the perivascular nerves. These results corresponded to those in previous reports (F6rstermann et aI., 1991; Pollock et aI., 1991) , which documented NOS ac tivity mainly in the particulate fraction of the endo thelial cells, as well as in the cytosolic fraction of neuronal tissues and macrophages.
Additionally, in the human cerebral blood ves sels, smooth muscle cells in the tunica media were J Cereb Blood Flow Metab, Vol. 14, No. 6, 1994 frequently stained. The staining was particularly in tense in the lesions consisting of macrophage infil tration and fibromuscular proliferation. Considering that macrophage NOS and NADPH-d have been coinduced in smooth muscle cells and macrophages after stimulation with lipopolysaccharide (Mitchell et aI., 1992) , it is conceivable that NOS is induced in macrophages in active lesions. However, it is un tenable to discuss the significance of this enzyme activity in the above structures, since NOS has been shown to represent only a part of NADPH-d activity in macrophages (Tracey et aI., 1993) , and macrophages may have other enzyme activity that reduces nitroblue tetrazolium in the presence of NADPH.
In the cerebral cortex, NADPH-d reactive cells were classified into two types of neurons, which were differentiated from each other in terms of mor phology, intensity of staining, and distribution. In previous investigations of NADPH-d employing hu man brain tissues, type I neurons have been de scribed in the deep layers of the cerebral cortex and the subcortical white matter (N akamura et aI. , 1987; Kowall and Beal, 1988) . They were medium-sized aspiny neurons presumed to be interneurons. The majority of these neurons seems to be colocalized with neuropeptide Y and somatostatin (Kowall and Beal, 1988) . Type I neurons in the white matter are derived from the subplate neuron population and are oldest in the development of the cerebral cortex (Chun and Schatz, 1989) . On the other hand, type II neurons have not been described, presumably be cause NADPH-d histochemistry did not reveal these cells after prolonged fixation. Since the anti body against neural NOS labeled these cells with a similar morphology and distribution, it is very likely that type II neurons are another population of NO producing cells, which are apparently distinct from type I neurons. These two types of neurons have been described previously in studies of the cerebral cortex of a nonhuman primate (Sandell, 1986; Brady et aI. , 1989; Mufson et aI., 1990) . This is in contrast to the uniformity of NADPH-d-reactive neurons in the cerebral cortex of rodent and cat brains (Scherer-Singler et aI. , 1983; Mizukawa et aI. , 1988; Vincent and Kumura, 1991) and indicates a significant phylogenetic variation.
A frequent localization of NADPH-d-reactive nerve fibers in close proximity to the Virchow Robin space is consistent with a close association of NOS-positive nerve terminals with intraparenchy mal microvessels in the rat (ladecola et aI. , 1993) and cat (Estrada et aI. , 1993) . However, electron microscopic investigations seem to be required to establish the nitroxidergic innervation of human in traparenchymal blood vessels. NOS-positive endo thelial cells and perivascular nerve fibers in the ex traparenchymal arteries, which are revealed in the present investigation, suggest that a dual control of cerebral circulation may also exist in the human brain.
